Quantum dot ͑QD͒ semiconductor optical amplifiers ͑SOAs͒ demonstrate faster gain recovery 1 and a suppression of pattern effects 2 when compared with SOAs based on bulk or quantum well materials. As a result, QD SOAs are very promising for applications in high speed optical communications. One of the most important features of QD materials is the discrete structure of their energy levels; the speed of carrier transfer between these levels provides a natural limitation on the bandwidth of QD SOAs. The study of carrier dynamics, based on ultrafast spectroscopy, may thus lead to new ways to optimize QD devices. The first pump-probe experiments have shown that the recovery dynamics in SOAs exhibits several time scales, which can be roughly characterized as ultrafast ͑ 1 ps͒, fast ͑10 ps͒, and slow ͑Ͼ100 ps͒. [3] [4] [5] [6] The ultrafast and fast scales are commonly attributed to the intradot relaxations and to the dot refilling by capture from the wetting layer. The slow scale relates to interband recombination between electrons and holes. In Refs. 7 and 8 recovery time scales are extracted from the data using a multiexponential fitting procedure. While useful for identifying the limiting time scales of SOAs, such approaches have not been able to extract time scales for higher order processes such as thermalization of carriers from lower to higher energy levels, and carriers from the dot to the wetting layer. In this letter, we propose a model-based investigation of the QD SOA fast scale dynamics ͑10 ps range͒ that takes into account capture and escape processes. We determine an analytical solution for the nonlinear recovery dynamics that is then used as a fitting function to extract fundamental time constants from differential transmission measurements of InAs-based QDs. The computed capture and escape times agree well with published values and do not change significantly over a broad range of bias values, as expected. Because we use a single nonlinear function derived from a physical model rather than multiple exponential functions, our method allows us to extract rate constants directly from the data. Our general approach is based on rate equations, and facillitates the study of a wide range of SOAs by appropriate modifications in the gain model.
The experiment is a single color heterodyne pump-probe arrangement applied to a QD SOA. Details on the setup and device can be found in Ref. 3 . We analyze the experimental recovery time traces with a single exponential fitting = a +be −t/ ex . The recovery time traces are shown in Fig. 1 . We find ex =3-4 ps over a wide current range. Figure 1 indicates that the recovery rate ex −1 is a linear function of the pump current. Note that the fits obtained from the experimental data suggest that the recovery dynamics depend on a single carrier relaxation time. However, by assuming both capture and escape processes we will show that this is not the case and extract these two relaxation times. Following Ref. 9 , we introduce the rate equations for the occupation probability of the dot and the number n of carriers in the wetting layer per dot,
The factor 2 in Eq. ͑2͒ accounts for the spin degeneracy in the QD energy levels. The parameter is the carrier recombination time, assumed the same for the wetting layer and the dots for mathematical simplicity. J is the pump current per dot. The function F͑ , n͒ describes the carrier exchange rate between the wetting layer and the dots. In its most general form, it can be expressed as On the other hand, the carrier escape rate is assumed constant, R esc = ecs −1 , where esc is the carrier escape time from the dot to the wetting layer at room temperature.
Equations ͑1͒ and ͑2͒ describe the time-dependent recovery of the QD SOA. Its solution depends on the four parameters cap , esc , , and J, and the initial condition ͑0͒ = 0 Ͻ 1 with n͑0͒ = n 0 0 which are themselves functions of the pump current. To limit the analysis, we assume that is much larger than cap and esc , and that 0 and n 0 increase linearly with J. Our model neglects the effects of intradot relaxation introduced in Refs. 4, 6, and 10, however these occur over times of Ͻ1 ps and their omission allows an analytical understanding of the slower timescales, i.e., the 10 ps range.
The analytical solution will be used as a fitting function for the experimental data with the purpose to determine both cap and esc . Note that the usual fitting procedure yield values for the rate R cap rather than the intrinsic capture rate constant cap . Moreover, esc is usually inaccessible by this method.
Experimentally, an ultrafast stage precedes the fast recovery studied here. It is attributed to a mix of intradot dynamics, second harmonic generation, and interactions between pump and probe pulses ͑coherent effects͒. As none of these processes are considered in the model, the data obtained during the first picoseconds are neglected.
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Adding twice, Eqs. ͑1͒ and ͑2͒ leads to a linear equation that admits the solution 2 + n = ͑2 0 + n 0 − J͒exp͑− t/͒ + J. ͑4͒
Assuming now that t is of the order of either cap or esc , the exponential in ͑4͒ remains close to 1 ͑ ӷ cap , esc ͒ and the expression ͑4͒ is simplified as 2 + n = 2 0 + n 0 . ͑5͒
Using Eq. ͑5͒, we determine n as a function of and eliminate n in Eq. ͑1͒. The resulting equation for is
where ␣ = 1 or 2 corresponding to either a phonon-assisted or an Auger-type relaxation process. The problem now depends on two parameters: the initial number of carriers 2 0 + n 0 and the relative speed of the energy exchange between the dot and the wetting layer determined by the ratio = cap / esc . The number of carriers 2 0 + n 0 Ͼ 2 depends on the pump current. The ratio can be estimated via quasi-Fermi equilibrium condition 12 which gives Ӷ1.
With these conditions, we find that Շ 1 is the only stable steady state solution of Eq. ͑6͒. In order to evaluate possible differences between phonon-assisted and Auger processes, it is instructive to determine the exponential decay rate toward this steady state. We find the decay rates
are the decay rates for the phonon-assisted and Auger processes, respectively. Since we assumed that 0 and n 0 change linearly with J, we then conclude from Eq. ͑7͒ that ⌫ 1 and ⌫ 2 are linear and quadratic functions of J, respectively. However, the results of the exponential fitting in the inset of Fig.  1 suggest a linear dependence on J meaning that phononassisted processes are dominant in our QD SOA. Equation ͑6͒ with ␣ =1 ͑dominant phonon-assisted processes͒ is separable and admits the solution
The solution ͑8͒ describes the recovery of the QD SOA as a monotone nonlinear evolution toward = − . This evolution clearly depends on the decay rate of the exponential functions given by ⌫ = F / cap which is a linear function of initial number of carriers 2 0 + n 0 for small. Since we assumed 2 0 + n 0 to be proportional to the pump current, the decay rate is a linear function of J in the limit small. However, the exact expression for ⌫ is a nonlinear function of both 2 0 + n 0 and , and we shall use the exact expression ͑8͒ to investigate the experimental data. To this end, we fix =10 3 ps and consider cap , esc , and 2 0 + n 0 as fitting parameters when we match experimental and theoretical curves. A sample recovery time trace is shown in Fig. 2͑a͒ with the designated area that we have used for fitting. For cap and esc , the results of fitting over a wide current range are shown on Fig. 2͑b͒ and are largely independent of the current. The resulting mean values are cap Ӎ 9 Ϯ 0.75 ps and esc Ӎ 80 Ϯ 10 ps, ͑11͒
and the ratio cap / esc Ϸ 0.1 correctly corresponds to the estimates provided by the quasi-Fermi equilibrium.
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By contrast to the conventional multiexponential fitting procedure, using the nonlinear evolution function in Eq. ͑8͒ offers several advantages. First, it corresponds to the short time solution of a rate equation model for the relaxation of the QD SOA. Other contributions to the relaxation process could be included as we have shown by considering separately phonon-assisted and Auger processes. The function in Eq. ͑8͒ is a highly nonlinear function of time and reduces to a single exponential only for large times. It is therefore not surprising that the computed capture time cap Ӎ 9 ps is different from the one proposed by the exponential fitting in Fig. 1 . The large ratio cap / ex Ϸ 3 emphasizes the fact that we may not underestimate the nonlinear character of the escape process. In addition, our analysis provides a way to estimate both cap and esc from the experimental data. The estimate of the escape time does not need the assumption of thermal equilibrium and directly follows from the rate equations describing a system far from equilibrium.
In summary, we have analyzed the fast ͑1-10 ps͒ stage of the recovery dynamics in a QD SOA and concentrated on the role of the capture and escape rates. Our analysis provides a nonlinear evolution function for the recovery of the occupation probability of the dot that fits very well the experimental data. We obtained estimates of the capture and escape times which are in the range of 9 and 80 ps, respectively. 
